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Abstract
The first step in the common tetrapyrrole pathway in
Rhodobacter caosulatus is the condensation of glycine
with succinyl CoA to form 5-aminolevulinate which is then
used in the synthesis of bacteriochlorophyll, heme,
vitamin B-12, and siroheme.

To isolate mutants unable to

form 5-aminolevulinate, as a first step in studying
regulation of the tetrapyrrole pathway, R. caosulatus was
mated with E. coli carrying plasmid pSUP2021.

pSUP2021

carries transposon Tn5 and is incapable of replicating in
R. caosulatus making it an ideal vector for transposon
mutagenesis.

One colony was found which requires 5-

aminolevulinate for growth.

This mutant strain,

designated AJB529, has a growth rate and
bacteriochlorophyll production at a level comparable to
those of the parental strain when provided with 5aminolevulinate.

A cosmid library of R. caosulatus DNA was mated into
AJB529 via the tetracycline resistant vector pLAFRI.
Tetracycline resistant colonies which no longer required
5-aminolevulinate for growth were selected.

Cosmids were

isolated from these colonies and one was designated

pCAP17.

pCAP17 was transformed into E. coli and mated

back to R. caosulatus to confirm 5-aminolevulinate
independence.

pCAP17 was digested to completion with

EcoRI and was found to contain five insert fragments.
Through a series of partial digestions S. Biel found that
the 0.6 kb and 1.4 kb insert fragments are both required
to confer 5-aminolevulinate independence.

Through

Southern blot analysis the 1.4 kb fragment was found to
span the hemA::Tn5 insertion.

A translational fusion was made between the hemA and
lacZ genes.

The hemA-lacZ fusion plasmid was mated into

R. capsulatus strain PAS100.

The size of the fusion

protein was determined to be 147,000 by SDSpolyacrylamide gel electrophoresis.

Cell-free extracts

were assayed for /3-galactosidase activity after growth
under high and low oxygen tensions.

Transcription of the

hemA gene, measured as /3-galactosidase activity, was two
fold higher under low oxygen tension.

xiii

Introduction

Investigations of the products of the tetrapyrrole
pathway in photosynthetic bacteria began with the elegant
studies of Cohen-Bazire et al. (22) .

These researchers

demonstrated that photopigment and photosynthetic
membrane production are dramatically affected by
alterations in oxygen tension and light intensity.

Most

of the resulting studies concentrated on the regulation
of bacteriochlorophyll production.

Working with R.

sphaeroides. Jones proposed that bacteriochlorophyll and
heme branch from a biosynthetic pathway which is
identical up to the compound protoporphyrin IX (40).
Bacteriochlorophyll is formed from the magnesium branch
while heme is the ultimate product of the iron branch.
Two other products, vitamin B-12 and siroheme, are formed
from a branch in the pathway at uroporphyrinogen III
(Figure 1).

The four end-products: bacteriochlorophyll, heme,
siroheme and vitamin B-12, are synthesized in different
amounts and have very different roles.
Bacteriochlorophyll is the primary light-harvesting
pigment involved in bacterial photosynthesis.

Heme is
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required under photosynthetic and non-photosynthetic
growth conditions for electron transport and serves as
the prosthetic group of cytochromes, catalase and
peroxidase.

It has been shown that in Rhodobacter

sohaeroides vitamin B-12 is a cofactor in methionine
biosynthesis (18) and in Salmonella tvphimurium siroheme
serves the enzymes sulfite reductase and nitrite
reductase as a prosthetic group (24) .

In R. sohaeroides

grown under photosynthetic conditions when large amounts
of bacteriochlorophyll are necessary for lightharvesting, 25 nanomoles of bacteriochlorophyll is
accumulated per milligram dry cell weight (47) .

Under

these same conditions only 0.3 nanomoles heme and 0.07
nanomoles vitamin B-12 per milligram dry cell weight
accumulate (47).

As shown in Figure 1, the common tetrapyrrole
pathway is initiated by the condensation of glycine and
succinyl CoA to form 5-aminolevulinate.

This initial

step is catalyzed by the enzyme 5-aminolevulinate
synthase, which is encoded by the hemA gene (77).

5-

Aminolevulinate synthase is the most studied enzyme in
the tetrapyrrole biosynthetic pathway and will be
discussed in more detail later.

Following this enzymatic
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step, porphobilinogen synthetase condenses two molecules
of 5-aminolevulinate to form one molecule of
porphobilinogen.

Porphobilinogen synthetase is encoded

by the hemB gene.

In addition to the photosynthetic

bacteria this enzyme has been detected in plants and
animals as reported by Neuberger et al. (61).

The 260

kilodalton hexamer of porphobilinogen synthetase isolated
from R. sohaeroides required the presence of metallic
cations for activity (59).

The R. caosulatus form of the

enzyme, also a hexamer of approximately 240 kilodaltons,
does not require metallic cations for activity (60).
Further comparisons of the R. sohaeroides and R.
capsulatus forms of the enzyme showed that the R.
sohaeroides enzyme requires thiols for activity and is
96% inhibited by 16 micromolar protoheme (60), while the
R. capsulatus enzyme does not require thiols and is only
9% inhibited by 50 micromolar protoheme (60).

R.

sohaeroides porphobilinogen synthetase activity is lower
in aerobic cultures, which may indicate oxygen regulation
of the enzyme (79).

Li et al. (52) isolated the hemB

gene from Escherichia coli and suggested that
porphobilinogen may regulate the activity of
porphobilinogen deaminase.

Porphobilinogen deaminase in

cooperation with uroporphyrinogen III cosynthase
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condenses and cyclizes four molecules of porphobilinogen
to form the first tetrapyrrole in the common tetrapyrrole
pathway, uroporphyrinogen III.

Porphobilinogen deaminase

joins the porphobilinogen molecules to form the linear
molecule hydroxymethylbi1ane (32) .

Uroporphyrinogen III

cosynthase then cyclizes hydroxymethylbilane to form
uroporphyrinogen III (32).

The intermediate

hydroxymethylbilane is most likely released by
porphobi1inogen deaminase before being cyclized (32).

As

demonstrated by Bogorad in Chlorella. which has a heatsensitive uroporphyrinogen III cosynthase, the absence of
this enzyme leads to the production of uroporphyr inogen I
(11).

Uroporphyrinogen III cosynthase isolated from R.

sphaeroides is incapable of forming uroporphyr inogen III
from either porphobilinogen or uroporphyrinogen I,
indicating that activity of porphobi1inogen deaminase is
necessary (10).

Porphobilinogen deaminase has been

isolated from R. sphaeroides as a 36 kilodalton
polypeptide (41).

Jordan and Shemin (41) have proposed a

single active site on the enzyme which is used four times
in the synthesis of hydroxymethylbilane.

The hemC and

hemD genes, encoding porphobilinogen deaminase and
uroporphyrinogen III cosynthase respectively (72), have
been cloned independently from E. coli (72,84).

Sasarman
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has demonstrated that the hemD gene is transcribed after
hemC from the same promoter (72) .

This confirmed the

proposition that a coordinately regulated Uro operon
exists for these genes (72), possibly to meet the
requirement for coordinate expression of these genes
whose products are so closely linked.

The next tetrapyrrole in the pathway,
coproporphyrinogen III, is synthesized via the
decarboxylation of uroporphyrinogen.

The four

decarboxylations are catalyzed by uroporphyrinogen III
decarboxylase.

Mauzerall and Granick (56), working with

rabbit reticulocytes, found intermediate porphyrinogens
with five, six and seven carboxylic acid groups and
proposed that the decarboxylations occur in a sequential
manner.

R. sphaeroides uroporphyrinogen III

decarboxylase was shown by chromatographic studies to
also produce intermediates with five, six and seven
carboxylic acid groups (34).

The human heroE gene,

encoding uroporphyrinogen III decarboxylase, has been
cloned by Romo, et al. (69).

The E . coli hemE gene has

not yet been cloned and the actual mechanism of the
enzyme has not been determined.

Coproporphyrinogen III

oxidase catalyzes the production of protoporphyrinogen IX
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from coproporphyrinogen III resulting in the formation of
two vinyl groups and the release of two molecules of
carbon dioxide and two hydrogen atoms (62).
Coproporphyrinogen III oxidase activity in aerobic
organisms was shown by Sano and Granick to require oxygen
(71).

These researchers also detected an intermediate

with one vinyl group and three carboxylic acid groups
implying that the enzyme acts in a sequential manner
(71).

Studies performed on the facultatively

anaerobic organisms Pseudomonas (25) and R. sohaeroides
(81) by Ehteshamuddin and Tait respectively, showed that
coproporphyrinogen III oxidase is active in cell extracts
from cultures grown both aerobically and anaerobically.
Anaerobic enzyme activity requires the presence of the
cofactor s-adenosylmethionine and both the supernatant
and pellet fractions of the extract (81).

Unexpectedly,

s-adenosylmethionine is not acting as a methylating
agent, and its role in this reaction is unclear (82).
Aerobic activity does not require cofactors and is
localized in the supernatant fraction (82).
Coproporphyrinogen III oxidase isolated from aerobically
grown R. sphaeroides has an estimated size of 44
kilodaltons and is the product of the hemF gene (82).
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The final step in the common region of the
tetrapyrrole pathway is the oxidation of
protoporphyrinogen IX to protoporphyrin IX via the
activity of protoporphyrinogen IX oxidase.

Sano has

proposed that this membrane-bound enzyme catalyzes the
removal of six hydrogen atoms from protoporphyrinogen IX
(70).

Poulson and Polglase (66) have shown that under

aerobic conditions this enzyme requires molecular oxygen
as the hydrogen acceptor.

Jacobs and Jacobs (35) have

studied anaerobic protoporphyrinogen oxidase activity in
E. coli.

They found that fumarate can act as a final

electron acceptor (35).

In addition, nitrate

can accept the hydrogens, albeit in a less efficient
manner (36).

These investigators have suggested that

protoporphyrinogen IX oxidase is coupled to electron
transport (36).

The enzyme isolated from E. coli grown

anaerobically is 90% inhibited by the quinone inhibitor
2-hepty1-4-hydroxyquinoline-N-oxide which has been shown
to inhibit electron transport in mitochondria and E. coli
(37).

In a similar manner, the R. sphaeroides enzyme is

coupled to an electron transport chain (38) .

Jacobs and

Jacobs (35) have demonstrated that quinone extraction in
R. sphaeroides results in 80% inhibition of enzyme
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activity.

However, the addition of 2-heptyl-4-

hydroxyquinoline-N-oxide does not inhibit enzyme activity
(38).

Protoporphyrinogen IX oxidase isolated from

Desulfovibrio gjgas has a size of 148 kilodaltons, is a
hexamer and is membrane-bound (42) .

The common

tetrapyrrole pathway branches at protoporphyrin IX with
the chelation of either magnesium or iron, leading to the
ultimate production of bacteriochlorophyll and heme.

Bacteriochlorophyll and heme are the products of
independent insertions into the protoporphyrin IX ring
structure.

In this way protoporphyrin IX serves as a

branch point.

The insertion of magnesium by magnesium

chelatase results in the formation of magnesium
protoporphyrin.

Gorchein (31) demonstrated that whole

cells of R. sphaeroides were capable of inserting
magnesium into the protoporphyrin IX ring.

However,

disrupted cells and membrane fractions did not show
magnesium chelatase activity (31).

Ferrochelatase, a

membrane-bound enzyme, forms protoheme by the insertion
of iron into protoporphyrin IX (63).

The pathway branches following the production of
uroporphyrinogen III.

If uroporphyrinogen III is
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decarboxylated, the intermediates follow a path to
protoporphyrin IX.

At this point heme is formed with the

insertion of iron into the ring structure while
bacteriochlorophyll is the product of a magnesium
insertion.

However, if uroporphyrinogen III is

methylated, siroheme and vitamin B-12 are made.

Siroheme

results from the insertion of iron into the methylated
uroporphyrinogen III structure.

Vitamin B-12 is the

product of a cobalt insertion.

To date, all studies indicate that the region of the
common tetrapyrrole pathway from the production of
porphobilinogen to the production of protoporphyrin is
identical in all organisms.

However, two means of

producing 5-arainolevulinate have been identified.

Plants

(64), green algae (30), blue algae (30) and E. coli
(46,51) share the C-5 pathway whereby 5-aminolevulinate
results from the transamination of glutamate.

R.

sphaeroides (28,65) employs the Shemin pathway in which
succinyl CoA and glycine are condensed to form 5aminolevulinate via 5-aminolevulinate synthase.

Using

carbon-14 labelled glycine and glutamate, Porra (65)
demonstrated that only Shemin pathway activity is
detectable in R. sphaeroides cells.
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5-Aminolevulinate synthase is a soluble enzyme with
a requirement for pyridoxal phosphate (88).

The activity

of the R. sphaeroides form of the enzyme has been found
to increase 4 fold when the culture is shifted from
aerobic to anaerobic growth conditions (48).

The

molecular weight of 5-aminolevulinate synthase was
reported by Warnick and Burnham as 57,000 following a
1300-fold purification from R. sphaeroides (88).

These

researchers also demonstrated 50% inhibition of enzyme
activity by 4 micromolar protoheme (88).

Yubisui and

Yoneyama (94) demonstrated 50% inhibition with 0.4
micromolar protoheme and with 2 micromolar magnesium
protoporphyrin.

Shemin showed that samples of enzyme

from several sources are inhibited by hemin (77).

Tuboi

et al. (86) and Wider de Xifra et al. (90), using DEAESephadex chromatography, found two fractions of 5aminolevulinate synthase in R. sphaeroides.

Fraction I

is comprised of an active and an inactive form.

The

inactive form can be activated by the addition of
cysteine trisulfide and a decrease in oxygen (86,90).
The inactive form of fraction II requires a decrease in
oxygen and exposure to bright light for activation (86).
Tuboi and Hayasaka determined that both forms of 5aminolevulinate synthase have a molecular weight of
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approximately 100,000 (85).

Researchers in

another lab obtained a more purified sample of the
fraction I and II enzymes and found that they are both
inhibited 75% by 1 millimolar ATP (26) .

Lascelles

proposed that the effect of ATP and trisulfides on 5aminolevulinate synthase may indicate a regulatory system
whereby fluctuations in the environment regulate enzyme
activity (47).

This proposition does not account for 5-

aminolevulinate synthase inhibition by heme and magnesium
protoporphyrin.

It was previously suggested that these

end-products have a negative feedback effect on the
enzyme (15).

However, the major photosynthetic end-

product, bacteriochlorophyll, has not been shown to
inhibit 5-aminolevulinate synthase activity.

Lascelles suggests that magnesium chelatase and
ferrochelatase compete for the pool of protoporphyrin IX
and determine the amount of bacteriochlorophyll and heme
synthesized (47).

Lascelles also suggested that the

magnesium chelatase has a high affinity for
protoporphyrin IX and directs the pathway towards the
production of bacteriochlorophyll (47).
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Bauer and Marrs recently suggested that PufQ, a
protein whose production is known to be regulated by
oxygen tension, serves as a carrier molecule for
protoporphyrin IX (2) .

It has been suggested that under

low oxygen conditions, the PufQ concentration increases
and a PufQ-protoporphyrin IX complex is formed.

The

theory suggests that this complex is the actual substrate
for magnesium chelatase.

Thus, lowered oxygen tension

allows the formation of this complex, which results in
increased production of bacteriochlorophyll (2).

It is

thought that the presence of the pigment-protein complex
is not necessary for ferrochelatase activity.
Considerably more work will be required to determine if
either of the proposed methods of competition actually
occurs.

The discovery of the PufQ protein correlates

well with an earlier model proposed by Lascelles (48).
In the Lascelles model there is competition between the
magnesium and iron branches for protoporphyrinogen IX.
When the magnesium branch is inhibited, the
protoporphyrin IX pool is available for the sole use of
the iron branch of the pathway.

The resulting increase

in intracellular heme concentration could then,
conceivably, feedback inhibit 5-aminolevulinate synthase
activity.

In support of this theory is the fact that the
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synthesis of 5-aminolevulinate synthase is the ratelimiting step in tetrapyrrole biosynthesis (44).

An important step in the study of this pathway was
the isolation of mutants unable to synthesize heme.

The

first such mutant was isolated by Jensen and Thofern
working with Staphylococcus aureus (39).

The first E.

coli hem mutant was first isolated by Beljanski and
Beljanski (3).

An antibiotic suicide technique was

employed in isolating these mutants.

The success of this

technique is based on the fact that hem mutants are
unable to grow via respiration, and therefore do not
transport streptomycin (3).

McConville and Charles

isolated a group of E. coli mutants which required 5aminolevulinate for growth but were unable to grow with
exogenous hemin alone (57).

It was later found that the

impermeabi1ity of E. coli to hemin and protoporphyrin
prevented their use as substrates for growth of the
mutants (74).

Secondary mutations of the 5-

aminolevulinate-requiring strain which are permeable to
hemin have been isolated but the specific site of the
secondary mutation has not been identified (57).

Mutants

with blocks in each of the hem genes have been isolated
in E. coli (72,74,82,84,92).
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Two R. sphaeroides mutants which both require 5aminolevulinate were isolated by Lascelles and Altschuler
(48).

Both mutants, designated H4 and H5, were isolated

by N-methy1-N-nitroso-N'-nitroguanidine mutagenesis and
may harbor multiple mutations.

Exogenous hemin was found

to support only poor growth of the mutants and the
addition of protoporphyrin or magnesium-protoporphyrin
had no effect on growth (48).

When provided with 5-

aminolevulinate in the medium, H5 is capable of
synthesizing heme and bacteriochlorophy11 (48).

The

mutant H4 is incapable of growing photosynthetica1ly even
with the addition of 5-aminolevulinate (48) .

Enzyme

assays indicate no detectable 5-aminolevulinate synthase
activity in either mutant and normal porphobi1inogen
synthetase activity in both (48).

It was thought that R.

sphaeroides contains two forms of 5-aminolevulinate with
each being specifically affected by end products from
either the iron or magnesium branch of the pathway,
however isolation of H5 which requires 5-aminolevulinate
for both heme and bacteriochlorophyll synthesis makes
this seem unlikely (48).

Given the likelihood that

mutant H5 has multiple mutations, the possibility of more
than one 5-aminolevulinate synthase cannot be ruled out.
R. sphaeroides mutants with partial blocks later in the
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pathway were isolated by Hatch and Lascelles (33).

These

mutants, which were selected by the inability to grow
photosynthetically, appear to contain secondary mutations
since revertants are capable of only poor photosynthetic
growth and otherwise retain the mutant phenotypes (33).
It has not been definitively shown that these mutations
are in the hem structural genes.

They may be in other

pathways whose products are necessary for porphyrin
production (e.g. biotin (16)).

These mutants cannot have

complete blocks in the hem genes since such mutants would
be unable to synthesize heme, which is required for all
modes of growth.

Previous research led to two basic questions
regarding tetrapyrrole synthesis.

Specifically, is there

one or more genes encoding 5-aminolevulinate synthase and
how is the synthesis of 5-aminolevulinate regulated by
oxygen?

This work was undertaken in an attempt to answer

these questions.

A mutant of R. capsulatus which

requires exogenous 5-aminolevulinate in order to grow was
isolated (91).

Since the interpretation of previously

isolated hem mutants was limited by the fact that they
were isolated via chemical mutagenesis and may harbor
multiple mutations, transposon mutagenesis was used.
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Transposon mutagenesis involves the insertion of the
transposon into the chromosome and is less likely to
result in mutations at multiple sites.

Furthermore, a

single site transposon insertion can be confirmed through
the use of Southern blot analysis.

Following the

isolation of the R. caosulatus hemA mutant, the strain
was characterized by comparison to the parental strain
growth rate and level of bacteriochlorophyll production.
A wild type copy of the R. caosulatus hemA gene was found
by isolating a cosmid which carries a region of
chromosomal DNA capable of complementing the hemA mutant
strain.

As a means of studying regulation of the hemA

gene, the 5' end of the wild type gene was ligated to the
3' end of the lacZ gene resulting in a tranlational
fusion.

This construct places lacZ expression under the

control of the hemA regulatory region while providing an
easily detectable product, /3-galactosidase.

Materials and Methods

Bacterial Strains and Plasmids
Bacterial strains and plasmids used in this study are
listed in Tables 1 and 2.

Media
R. caosulatus was routinely grown in either RCV (81) , a
minimal salts medium containing malate as a carbon source,
or in 0.3% Bacto-Peptone-0.3% yeast extract (PYE; Difco
Laboratories, Detroit, Mich.).

RCV+ medium was RCV medium

supplemented with 0.6% glucose-0.5% pyruvate-0.05M dimethyl
sulfoxide.

Escherichia coli was grown in L-broth (5), which

was modified by omitting glucose and decreasing the sodium
chloride concentration to 0.5%.
agar (Difco).

Solid media contained 1.5%

Antibiotics, when used, were added at the

following final concentrations (/ig per ml):

ampicillin, 25;

kanamycin, 10; tetracycline, 10; spectinomycin, 10 for E.
coli, 5 for R. caosulatus.

When used, 5-bromo-4-chloro-3-

indolyl-0-D-galactopyranoside (X-gal) was added at a
concentration of 40

nq

per ml.

Growth Conditions
R. caosulatus was grown under low oxygen conditions by
sparging 10 ml of RCV+ medium with a mixture of 3% oxygen-5%
18
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Table 1. Strains Used in this Study

Designation

Genotype

Reference

E. coli

S17-1

294 recA (RP4 Tc::Mu

Simon et al. (80)

Km::Tn7 ATnl)a

HB101

F' ara-14 proA2 lacYl

Boyer and Roulland-

qalK2 rpsL20 recA13

Dussoix (13)

x v l -5 m t l -1 supE44

hsdS20 (r‘ m*)

MC1061

$(ara-leu)7697 A lacX74

Casadaban and

araD139 qalU qalK rpsL

Cohen (17)

hsdR' hsdM+
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Table 1. Continued

Designation

Genotype

Reference

R. capsulatus

AJB529

hemA::Tn5 hsd-1 str-2

Wright, et al. (91)

PAS100

hsd-1 str-2

Taylor, et al. (83)

SB1003

rif-10

Yen and Marrs (93)

a The RP4 derivative was inserted into the chromosome at
an unknown location.
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Table 2. Phage and Plasmids Used in this Study

Phage or

Relevant

Reference or

Plasmid

Characteristics®

Description

X3.1

Knr, red'. gam'

15.5 kb BamHI fragment
from AJB529 containing
IS50L and an adjacent
region of R.
caosulatus DNA cloned
into EMBL3 by S. Biel

(8).

X3.2

red'. gam'

18 kb BamHI fragment
from AJB529 containing
IS50R and an adjacent
region of R.
caosulatus DNA cloned
into EMBL3 by S. Biel

(8 ).

pBR322

Apr, Tcr

Bolivar (12)
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Table 2. Continued

Phage or

Relevant

Reference or

Plasmid

Characteristics8

Description

PBR322D

Apr,Tcr,Spr

Omega cartridge from
pHP45fl (67) cloned into
the EcoRI site of pBR322
by T . Donahue.

pCAPl

Apr, Knr, Tcs

BamHI-EcoRI fragment from
\3.1 cloned into pBR322
by S. Biel (8).

pCAP2

Apr, Tcs

BamHI-EcoRI fragment from
X3.2 cloned into pBR322
by S. Biel (8).

pCAP17

Tcr, mob'1', tra*

Cosmid isolated from R.
sphaeroides/p LAFRI
library (1) which
complements AJB529 (91) .
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Table 2. Continued

Phage or

Relevant

Reference

Plasmid

Characteristics8

Description

pCAP41

Tcr,mob*, tra'

pCAP17 with the 2.3 kb
EcoRI insert fragment
deleted by S. Biel.

pCAP67

Tcr,mob*, tra /

pCAP41 with the

Cmr

chloramphenicol acetyl
transferase gene from
pCM7 ligated into the
Hindlll site of the 1.9
kb EcoRI insert fragment.
(This study)

PCAP68

Tcr, mob* , tra',

pNM481 with an in phase

hemA-lacZ

fusion between the 1.4 kb
fragment from pCAP41 and
the lacZ gene.
study)

(This
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Table 2. Continued

Phage or

Relevant

Reference

Plasmid

Characteristics8

Description

pCAP69

Tcr, Spr, tra',

pCAP68 containing the Spr

mob* , hemA-lacZ

omega cartridge (67) in
the Seal site of pLAFRI.
(This study)

pCAP73

Tcr, Knr, mob*,

pNM481 with an in phase

tra', kan-lacZ

fusion between the 0.7 kb
EcoRI-Hindlll pUC-4K
fragment and the lacZ
gene.

pCAP7 4

(This study)

Tcr, Knr, Spr,

pCAP73 containing the Spr

mob*, tra',

omega cartridge (67) in

kan-lacZ

the Seal site of pLAFRI.
(This study)

pCM7

Cmr, Apr, Tcr

Close and Rodriguez (21)

pDPT51

Apr, mob', tra*

Taylor, et al. (83)
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Table 2. Continued

Phage or

Relevant

Reference

Plasmid

Characteristics8

Description

pLAFRI

Tcr. mob+. tra'

Friedman, et al. (27)

pNM481

Apr

Minton (60)

PRK2013

mob'. tra+. Knr

Ditta, et al. (23)

PSUP202

Apr, Cmr/ Tcr

Simon, et al. (80)

pSUP2021

Apr, Cmr, Tcs, Knr

Simon, et al. (80)

PUC-4K

Knr

Vieira and Messing (87)

aAntibiotics are abbreviated as follows: Ap=ampicillin,
Cm=chloramphenicol, Kn=kanamycin, Sp=spectinomycin,
Tc=tetracycline.
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carbon dioxide-92% nitrogen.

Cells were inoculated in 10

ml of liquid media in 15 ml culture tubes to a reading of
approximately 25 using a Klett-Summerson photoelectric
colorimeter fitted with a red filter.

Culture tubes were

incubated in a circulating 37°c water bath.

Gasses were

passed into the tubes via a sterile glass tube inserted
through a hole in the rubber stopper.

Gas pressure in the

tubes was released through a syringe needle stoppered with
glass wool.

Growth under high oxygen tension was obtained

by sparging the cultures with compressed air supplemented
with oxygen, so that the initial dissolved oxygen tension
was 23% and the final concentration at the end of the growth
period remained above 15%.

Oxygen tension was measured

polarimetrica1ly in the liquid phase of each culture with a
Clark-type oxygen electrode (model 53; Yellow Springs
Instrument Co., Yellow Springs, Ohio).

Cultures were grown

photosynthetica1ly in screw-cap tubes filled with RCV+
medium and exposed to 250 W of white light per m2.

Light

intensity was measured with a radiometer (model 65A; Yellow
Springs Instruments).

Cells were harvested by

centrifugation at 12,000 x

g

for 10 min after reaching a

Klett meter reading of approximately 100.
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Sonication
Strains were grown for measurements of enzyme
activities in 100 ml of PYE broth in a 250 ml flask with
slow shaking.

Strain AJB529 was grown in the presence of

0.1 mM 5-aminolevulinate.

Cultures were harvested by

centrifugation at 12,000 x

q

for 10 min.

The cell pellets

were washed once with 0.1 M Tris chloride (pH 7.5) and
suspended in 2 ml of the same buffer.

The cell suspension

was sonicated with 30 sec bursts from a Heat-Systems
Ultrasonics sonifier (Model W-220) until the suspension
cleared.

The sonicate was kept chilled on ice.

was removed by centrifuging at 12,000 x

g

Cell debris

for 15 min.

Mating
The mating method of Marrs (47) was used.

The E. coli

donor strain was grown overnight in LB at 37°C with slow
shaking.

The recipient R. caosulatus strain was grown

overnight in PYE broth at 37°C without shaking.

A 0.1 ml

sample of R. caosulatus was mixed with 0.01 ml of E. coli in
a microfuge tube and centrifuged for 2 min.

The cell pellet

was spotted onto a nitrocellulose disc which was atop an RCV
agar plate containing the appropriate antibiotic.

Matings

were incubated for 6 hrs at room temperature. The cell
mixture was then spread onto the agar plate using 0.1 ml
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RCV.

For triparental matings the culture ratio was 0.1 ml

R. caosulatus mixed with 0.01 ml of E. coli donor strain and
0.01 ml of E. coli containing the mating helper plasmid.

5-Aminolevulinate Synthase Activity
Extracts were stored at 4°C for 2 h to allow activation
of the 5-aminolevulinate synthase (46) and assayed by the
procedure described by Burnham (13).

A total reaction

volume of 1 ml was achieved by mixing cell extract and
sterile distilled water with 0.5 ml of 0.1 mM glycine, 0.1
mM succinate, 0.05 mM Tris chloride (pH 7.5), 0.37 juM CoA
and 0.27 /xM pyridoxal phosphate.
incubated at 37°c for 30 min.

The reaction mixture was

The reaction was stopped by

adding 0.5 ml of 10% trichloroacetic acid.
centrifuged for 15 min at 12,000 x

g.

The mixture was

The supernatant was

decanted into 20 ml test tubes containing 2 ml of 1 M
acetate buffer (pH 4.7). Fifty microliters of 2,4pentanedione was added.
boiling water for 15 min.

The tubes were capped and placed in
After allowing the tubes to cool

to room temperature 3.5 ml of freshly-made modified
Ehrlich's reagent (lg p-dimethylaminobenzaldehyde, 8 ml 70%
perchloric acid, total volume to 50 ml with glacial acetic
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acid) was added.

Tubes were incubated at room temperature

for 20 min and the change in optical density at 556 nm was
measured.

Porphobilinogen Synthetase Activity
Porphobilinogen synthase activity was measured using
the method described by Shemin (70).

A total 3 ml reaction

volume was achieved by adding cell extract to a solution of
0.3 mM Tris chloride (pH 8.5), 0.01 mM 5-aminolevulinate
chloride (pH 7.0), 0.015 mM /3-meracaptoethanol and 0.15 mM
potassium chloride.
30 min.

The mixture was incubated at 37°C for

The reaction was stopped by adding 1 ml of 20%

trichloroacetic acid and 0.1 M mercuric chloride.

An equal

volume of freshly-made modified Ehrlich's reagent (lg pdimethylaminobenzaldehyde, 16 ml of 70% perchloric acid,
total volume to 50 ml with glacial acetic acid) was added.
Tubes were incubated at room temperature for 5 min.

The

change in optical density at 555 nm was measured.

Preparation of Cell Extract for Chloramphenicol Acetyl
Transferase Assay
Cells grown overnight were harvested by centrifugation
at 12,000 x

g

for 10 min. The cell pellet was resuspended in

1 ml TM buffer (50 mM Tris chloride (pH 7.8), 0.05 mM 0-
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mercaptoethanol).

The sample was sonicated for 2 min in 30

sec intervals. Debris was removed by centrifuging at 12,000
x

g

for 15 min. The extract was stored at "20°C.

Chloramphenicol Acetyl Transferase Assay
The procedure of Shaw (68) was followed.

One hundred

microliters of 4 mg dithionitrobenzaldehyde dissolved in 0.5
ml of 2 M Tris chloride (pH 7.8) and 0.5 ml distilled water,
was mixed with 20 Ml of 5 mM acetyl CoA and the total volume
was brought to 1 ml with distilled water.

One hundred

microliters of cell extract was added and the reaction was
incubated at 37°C for 10 min.

A Perkin-Elmer Lambda 3B

UV/VIS spectrophotometer was blanked at 412 nm with reaction
mixture.

Twenty microliters of 5 mM chloramphenicol was

added to the reaction cuvette and the increase was measured
on a Kipp & Zonen BD40 plotter.

Protein was measured by the

Bradford method.

Bacteriochlorophyll Determination
Five milliliters of photosynthetically grown cells were
centrifuged at 12,000 x

g

for 5 min.

The pigment was

extracted from the pellet with the addition of 5 ml acetonemethanol (7:2) as described by Cohen-Bazire et al. (18).
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Samples were kept in the dark, centrifuged at 12,000 x g for
5 min and the absorbance was read at 770 nm.

Protein Determination
Bradford Method
The protein concentration of samples prepared for
enzyme assays was measured by placing a volume of cell
extract containing between 0.03 and 0.12 mg protein in a 15
ml test tube.

The total volume was brought to 4 ml with

sterile deionized water.

A 1 ml volume of Bio-Rad Protein

Assay Reagent (phosphoric acid-methanol) was added and the
tube was gently vortexed. The tubes were incubated at room
temperature for 5 to 60 min.

The absorbance at 595 nm was

read against a blank containing water and assay reagent
alone.

The absorbance was compared to a standard curve of

bovine serum albumin.

Lowry Method
Samples prepared for bacteriochlorophyll determination
were assayed as described by Cohen-Bazire et al. (18).
cell pellet was suspended in 0.2 N sodium hydroxide.

The
A 0.5

ml sample was placed in a 15 ml test tube containing 5 ml of
a 1:1:98 mixture of 1% copper sulfate + 1% sodium potassium
tartarate + 2% sodium carbonate in 0.1N sodium hydroxide.
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Tubes were incubated for 10 min at room temperature.
half milliliter of IN Folin reagent was added.
incubated for 30 min at room temperature.

One-

Tubes were

The change in

optical density at 660 nm was read against a reagent blank
containing no cell extract.

The values were compared to a

standard curve of bovine serum albumin.

Preparation of Chromosomal DMA
Cells from 100 ml of a PYE broth culture were suspended
in 2.5 ml of 50 mM Tris chloride (pH 8.0) + 4 mM EDTA + 1%
sodium chloride.

Proteinase K was added to a final

concentration of 0.5 mg per ml.

One-tenth volume of 10%

sodium dodecyl sulfate (SDS) in 1 M Tris chloride (pH 8.0)
was added, and the solution was incubated at 42°C for 1 h.
The suspension was extracted three times with phenol,
several times with chloroform-isoamyl alcohol (24:1), and
then with water-saturated ether until the aqueous phase was
clear.

The nucleic acid was then precipitated with 1 volume

of isopropanol, dried in a vacuum desiccator and resuspended
in a small volume of sterile deionized water.

Digestion of DMA Using Restriction Endonucleases
DNA was digested using at least 2 units of restriction
endonuclease per

fig

in a total 10

fil

volume containing the
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corresponding restriction buffer provided by Bethesda
Research Labs.

The reaction mixture was incubated at 37°C

for at least 1 hour.

Samples were prepared for agarose gel

electrophoresis with the addition of 3

fil

of gel loading

buffer (0.42% bromphenol blue, 50% glycerol).

Agarose Gel Electrophoresis
A stock solution of 50 x Tris acetate (2 M Tris
acetate, 0.05M ethylenediaminetetraacetic acid) was diluted
to 1 x for gels run for several hours at 100 volts or to 4 x
for gels run overnight at 30 volts.

Amresco agarose for DNA

separations was added to a concentration of 0.7%.
bromide was added to a concentration of 0.5

ng

Ethidium

per ml.

All

gels were run in a Hoefer Submarine Gel Unit Model HE99 with
a Hoefer PS 500x DC Power Supply.

Southern Transfer of DNA to Nitrocellulose
Following electrophoresis, the gel was photographed
alongside a ruler on a Fotodyne Model 3-3100
transilluminator.

The gel was then transferred to a small

baking dish and washed, with slow shaking, for 20 min in a
solution of 1.5 M sodium chloride and 0.5 M sodium
hydroxide.

Following a 5 min rinse in deionized water, the
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gel was washed in a solution of 3 M sodium chloride and 0.5
M Tris chloride buffer (pH 7.0) with slow shaking for 20
min.

A wick of Whatman 3 mm paper was soaked in 20x SSC (lx

SSC is 0.15 M sodium chloride plus 0.015 M sodium citrate;
pH 7.0) then laid across a glass plate which straddled a
baking dish so that each end of the filter paper was in
contact with the 2Ox SSC which filled the baking dish.

A

piece of Schleicher and Schuell nitrocellulose filter paper
cut to the same dimensions as the gel was completely wetted
in 2x SSC.

The gel was placed atop the filter wicks and the

nitrocellulose was placed atop the gel.

All of the exposed

filter wick was covered with plastic wrap.

Two strips of

Whatman 3 mm filter paper of the same dimensions as the gel
were placed atop the nitrocellulose.

A thickness of

approximately 2 inches of paper towels were placed atop the
filter strips and the transfer apparatus was held in place
with a heavy book.

The gel was blotted for at least 16 hrs.

At the end of the transfer period, the book, paper towels
and filter strips were removed.

A corner of the

nitrocellulose was cut off to maintain the orientation with
respect to the gel.

The nitrocellulose was removed from the

gel and washed in 2x SSC for 20 min with slow shaking, then
dried for 1 hr under vaccuum in a Lab-Line vacuum oven Model
3610 at 80°C.

35

Nick Translation
A BRL nick translation kit was used.

The following

mixture was incubated for 1 hr at 15°C in a sterile
microfuge tube:

5

fil

of 0.2 mM each of dGTP, dCTP, dTTP in

0.5 M Tris chloride (pH 7.8), 50 mM magnesium chloride, 0.1
M 0-mercaptoethanol, 0.1 mg per ml of nuclease-free BSA;
0.01 ml (1
fiCi

per

fil)

fig)

DNA; 28

fil

sterile distilled water; 2

fil

(10

phosphorus-32 labelled dATP obtained from

Dupont/New England Nuclear; 5

fil

of polymerase I-DNase I.

The reaction was stopped by adding 5

fil

of stop buffer (0.3M

sodium-ethylenediaminetetraacetic acid (EDTA)
placing the tube on ice.

(pH 8.0)) and

The sample was passed over a

Sephadex G-50 column using TE buffer (10 mM Tris chloride +
1 mM EDTA (pH 8.0)) to separate nick-translated plasmid from
unincorporated nucleotide.

Counts per second were monitored

with a Mini-monitor Series 900 G-M tube.
collected in sterile microfuge tubes.

A 2

Samples were
fil

sample of

labelled plasmid was placed on a Whatman glass fiber disc
and dried at 50°C in a liquid scintillation vial.

Two

milliliters of PP0/P0P0P in toluene was added and counts per
minute were measured immediately on a Beckman Model LS6800
liquid scintillation counter.

36

Prehybridizations and Hybridizations
Nitrocellulose blots were completely wetted with
sterile deionized water.

The filter was placed in a heat-

sealable bag and the following pre-hybridization mix was
added: 6 x TES (0.9 M sodium chloride, 6 mM
ethylenediaminetetraacetic acid, 90 mM Tris chloride (pH
7.5), 5 x Denhardt's solution (0.1 mg per ml salmon sperm
DNA, 5 x SSC, 0.5% sodium dodecyl sulfate, 0.25 mg
sonicated, denatured salmon sperm DNA per ml).

The bag was

heat-sealed and incubated for 2 to 5 hrs in a 65°C water
bath.

A corner of the bag was cut open and the

prehybridization mix was removed.

Hybridization mix

consisting of prehybridization mix with 5 x 105 cpm of nicktranslated probe was added to the bag which was resealed.
The bag was incubated in a 65°C water bath overnight.

Washes and Autoradiography
The blots were washed for 30 min in 2x SSC + 0.1% SDS
at room temperature, 30 min in 0.5x SSC + 0.1% SDS at room
temperature, and 30 min in 0.5x SSC + 0.1% SDS at 65°C. The
nitrocellulose was dried at 80°C in a vacuum oven then
exposed to Kodak X-Omat RP film in a light-tight cartridge
at —80°C.

The film was developed according to

manufacturer's instructions.
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0-galactosidase Activity
To a total 1 ml volume of z-buffer (60 /iM dibasic
sodium phosphate, 40 /uM monobasic sodium phosphate, 10 juM
potassium chloride, 1

fiM

magnesium sulfate, 50

fiM

/?-

mercaptoethanol, total to 1 liter with deionized water) and
cell extract, 0.2 ml of 4 mg per ml o~nitrophenol-/3-D~
galactopyranoside (ONPG) was added.

Tubes were incubated in

a 37°C water bath until the reaction mixture turned yellow.
The reaction was stopped by adding 0.5 ml of l M sodium
carbonate.

The change in optical density at 420 nm was

measured.

Ligation
Restricted DNA was precipitated in 3 volumes of icecold 95% ethanol and 0.1 volume of 3M sodium acetate at 70°C
for 15 min followed by centrifugation for 5 min in a
microfuge.

The DNA was then vaccuum dried and resuspended

in 7 /xl of sterile distilled water. Two microliters of 5X T4
DNA ligase buffer and 1

nl

of T4 DNA ligase obtained from

Bethesda Research Labs were added.
incubated at 15°C overnight.

The samples were
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Transforma tion
Cells were grown for 2 to 4 hrs until a cell density of
approximately 5 x 107 cells per ml was achieved.
microfuge tube was filled with cells and

A

spun for 2 min.

The pellet was resuspended in 1 ml of 10 mM
morpholinopropane sulfonic acid (MOPS, pH 7.0) + 10 mM
rubidium chloride.

Tubes were centrifuged for 2 min.

The

pellet was resuspended in 1 ml of 100 mM MOPS (pH 6.5) + 50
mM calcium chloride + 10 mM rubidium chloride then incubated
at 4°C for 15 min.

After centrifuging for 2 min the pellet

was resuspended in 0.2 ml of 100 mM MOPS
calcium chloride + 10 mM rubidum chloride.

(pH 6.5)+ 50 mM
Three

microliters of fresh dimethylsulfoxide and approximately 100
fzg of DNA were added.

Tubes were incubated at 4°C for 30

min then heat shocked in a 44°C water bath for 30 sec.

The

cell suspension was diluted to 5 ml with L-broth in a 125 ml
flask and incubated at 37°C for 60 min without shaking.
Cells were then plated on selective medium.

Birnboim-Doly Plasmid Isolation
A 1.5 ml sample of cells grown overnight was
centrifuged in a microfuge for 2 min.

The pellet was

resuspended in 0.1 ml of 50 mM glucose + 10 mM disodium EDTA
+ 0.025 mM Tris chloride (pH 8.0) + 5 mg per ml lysozyme.
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Tubes were incubated for 5 min at room temperature.

Two

hundred microliters of 0.2 N sodium hydroxide + 1% sodium
dodecyl sulfate was added and the tubes were incubated for 5
min at 4°C.

One hundred fifty microliters of 3 M sodium

acetate (pH 8.0) was added and tubes were incubated 10 min
on ice.

Samples were centrifuged in a microfuge for 5 min.

The supernatant was placed in a sterile microfuge tube which
was then filled with ice-cold 95% ethanol.

Tubes were

incubated for 10 min at -80°C then centrifuged for 5 min.
The pellet was dissolved in 0.1 ml of 0.1 M sodium acetate +
50 mM Tris chloride (pH 8.0).

Three hundred microliters of

ice-cold 95% ethanol was added.

Tubes were incubated for 5

min at -80°C then centrifuged for 5 min.

The DNA pellet was

dried in a vaccuum desiccator then dissolved in 0.1 ml of
sterile deionized water.

Polyacrylamide Gel Electrophoresis
PAS100(pCAP69) cells were grown overnight in 200 ml RCV
in a 37°C shaking incubator.

Cells were harvested by

centrifugation at 10,000 x g for 15 min.

The pellet was

resuspended in 1 ml Z buffer and sonicated twice with 20 sec
bursts.
min.

The sonicate was centrifuged at 27,000 x g for 20

The supernatant was electrophoresed on a 6.5% sodium

dodecyl sulfate - polyacrylamide gel for 16 hrs by S. Biel.
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The SDS was removed by rinsing the gel in 50 mM Tris
chloride (pH 7.5) + 1 mM EDTA and 5 mM jS-mercaptoethanol.
The gel was then incubated in the same buffer at room
temperature for 2 hrs with buffer changes every 30 minutes.
The gel was incubated at 4°C for 3 hrs.

/3-galactosidase

activity was visualized by incubating the gel overnight at
room temperature in 0.1 M sodium phosphate (pH 7.0); 10 mM
potassium chloride; 1 mM magnesium sulfate; 5 mM /3mercaptoethanol and 0.04 mg of 5-bromo-4-chloro-3-indolyl-/3
D-galactopyranoside (X-gal).

Results

Isolation of a 5-Aminolevulinate~requiring Mutant
The transposon mutagenesis system described by Simon
et al. (72) was used to isolate R. capsulatus strains
with Tn5 insertions.

Plasmid pSUP2021 was transferred

from E. coli strain S17-1 into R. capsulatus strain
PAS100 by the plate mating method described by Marrs
(47).

The mating mixture was spread on PYE agar plates

containing 0.01 mg of kanamycin per ml, 75

(xq

of

streptomycin per ml and 0.1 mM 5-aminolevulinate.
Because pSUP2021 is maintained in R. capsulatus only when
there is strong selection for the vector, kanamycinresistant colonies would most frequently arise by
transposition of Tn5 from the plasmid to the chromosome.
Approximately 2,500 colonies were scored for their
ability to grow on PYE agar plates without added 5aminolevulinate.

One colony was found that required 5-

aminolevulinate for growth and was designated AJB529.
Growth of this strain on PYE agar or RCV agar absolutely
required 5-aminolevulinate.
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Growth on 5-Aminolevulinate
As a first step in characterizing strain AJB529, its
growth rate with concentrat ions of aminolevulinate
ranging from 0.01 mM to 1.0 mM was measured.

A culture

was grown overnight in PYE broth containing 0.1 mM 5aminolevulinate and subcultured into tubes of PYE broth
containing different concentrations of 5-aminolevulinate.
The tubes were incubated at 37°C in the dark and sparged
with air so that the dissolved oxygen concentration
remained above 15%.

In Table 3, the growth rates of the

parental strain PAS100 and the mutant strain AJB529 are
presented.

In the absence of 5-aminolevulinate, strain

AJB529 could grow for up to four generations, but growth
could not be continued by subculturing into fresh medium
lacking 5-aminolevulinate.

All cultures containing

exogenous 5-aminolevulinate grew at constant exponential
growth rates, and growth could be continued by
subculturing. The generation times presented in Table 3,
are representative of the results of at least three
trials.

Under aerobic dark conditions, the growth rate

of strain PAS100 was independent of the 5-aminolevulinate
concentration, while growth of strain AJB529 was strongly
influenced by the 5-aminolevulinate concentration.
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Table 3. Aerobic Growth of Parental and Mutant Strains on
5-Aminolevulinate

Growth
Condition8

5-ALAb
(mM)

Generation Time
(hrs/gen)

Aerobic Dark

PAS100

AJB529

0

2.3

0.01

3.2

0.1

3.4

1.0

3.0

0

12.6

0.01

4.4

0.1

3.0

1.0

2.8

8 Cultures were grown in the dark in PYE

broth with a

dissolved oxygen concentration of greater than 15%.
b 5-Aminolevulinate
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Normal growth rates were achieved by strain AJB529 only
when the 5-aminolevulinate concentration was at least 0.1
mM.

Bacteriochlorophyll Production
In Table 4, the photosynthetic growth of strains
PAS100 and AJB529 in RCV+ medium is also shown.

While

growth of PAS100 was again independent of 5aminolevulinate, AJB529 grew maximally with 0.1 mM
5-aminolevulinate.

In the mutant strain, the

bacteriochlorophyll level increased with increasing 5aminolevulinate concentration, whereas the
bacteriochlorophyll level remained constant in strain
PAS100.

The regulation of bacteriochlorophyll synthesis

by oxygen in the mutant was examined by measuring the
level of bacteriochlorophyll accumulation under high and
low oxygen tensions in RCV+ medium.

The

bacteriochlorophyll concentration of the mutant was 0.4
nmol per mg of protein under high oxygen tension and 12.7
nmol per mg of protein under low oxygen tension.

The

parental strain had bacteriochlorophyll concentrations of
0.8 and 12.1 nmol per mg of protein under high and low
oxygen tensions, respectively.

These results indicate
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Table 4. Photosynthetic Growth and Bacteriochlorophyll
Production of Parental and Mutant Strains on 5Aminolevulinate

Growth
Condition8

5-ALAb
(mM)

Generation Time
(hrs/gen)

Bchlc
(nmol/mg
protein)

Photosynthetic

PAS100

AJB529

0

3.0

12.6

0. 01

3.1

13.4

0.1

2.9

12.3

1.0

2.9

14.8

17.2

1.8

0.01

6.8

4.8

0.1

3.0

10.5

1.0

3.0

13.9

0

a Cultures were grown anaerobically in
exposed to 250 W of white light per m2.
b 5-Aminolevulinate
c Bacteriochlorophyll

RCV+ broth and
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that exogenous 5-aminolevulinate is required for the
production of bacteriochlorophyll in the mutant and that
the bacteriochlorophyll concentration is regulated by
oxygen tension to the same extent in both the mutant and
parental strains.

Enzyme Assays
5-Aminolevulinate Synthase
The mutant, AJB529, was further characterized by
measuring the specific activities of 5-aminolevulinate
synthase and porphobilinogen synthase.

Results shown are

representative of at least two trials.

While strain

PAS100 had a 5-aminolevulinate synthase specific activity
of 69.4, the mutant had a specific activity of 8.3, which
was less than 12% of the parental level (Table 5).
Repeated assays of these strains consistently
demonstrated that AJB529 had approximately 10% of the
parental level of 5-aminolevulinate synthase.

Because of

the possibility that the residual activity observed was
the result of an interaction between the glycine in the
cell extract or substrate mixture and the modified
Ehrlich reagent, as reported by Mauzerall and Granick
(48), the assay was altered so that the blank was

47

Table 5. Enzyme Assays of the Parental and Mutant Strains

Strain

Aminolevulinate

Porphobi1inogen

Synthase8

Synthetase8

PAS100

69.4

123

AJB529

8.3

120

8 Specific activity is expressed as nmol of product formed
per hr per mg of protein.
least two trials.

Results are representative of at
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identical to the reaction tube, except that
trichloroacetic acid was added at the start of the
incubation period.

Even toder these conditions, the

mutant still had over 5% of the parental activity.

This

result may indicate that the Tn5 insertion is located
near one end of the hemA gene so that a slightly active
protein is encoded.

Another possibility is that there is

a second 5-aminolevulinate synthase that is only slightly
active.

Porphobilinogen Synthetase
To determine if the Tn5 insertion interrupted an
operon which includes the hemB gene, or a regulatory gene
for the entire pathway, the activity of porphobilinogen
synthetase was measured.

Porphobilinogen synthetase,

encoded by the hemB gene, catalyzes the second step in
the common tetrapyrrole pathway, the production of
porphobilinogen from 5-aminolevulinate.

The

porphobilinogen synthetase specific activities in the
hemA strain AJB529 and the parental strain PAS100 were
120 and 123, respectively (Table 5).

The fact that

porphobilinogen synthetase activity was not significantly
different in these two strains indicates that the Tn5
insertion mutation is not polar on hemB.
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Confirmation of a Single Transposon Insertion
Chromosomal DNA from strains PAS100 and AJB529 was
digested with EcoRI and separated on a 0.7% agarose gel
overnight.

The DNA was transferred to nitrocellulose,,

and the blot was probed with nick translated pSUP2021
DNA.

No homology was evident between PAS100 and

PSUP2021, whereas one EcoRI band from strain AJB529 was
homologous to the probe (Figure 2A).

Neither PAS100 nor

AJB529 demonstrated any homology to pSUP202 (Figure 2B).
Plasmid pSUP202 is identical to pSUP2021, except that it
lacks Tn5 (72).

These results confirm that strain AJB529

has a single Tn5 insertion and that the plasmid did not
insert into the chromosome.

Isolation of Cosmid Clones Containing The Wild Type hemA
Gene
An EcoRI library of hem* R. capsulatus strain
SB1003 DNA cloned into cosmid pLAFRl (1,23) was obtained
from R. Haselkorn (84).

Triparental matings were

performed between this library, strain HB101 (carrying
the mobilizing plasmid pRK2013 (19)), and R. capsulatus
hemA AJB529.

5-Aminolevulinate-independent exconjugants

were selected on RCV agar plates (81) which contained
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Figure 2. Confirmation of a Single Transposon Insertion

Southern blots of PAS100 and AJB529 chromosomal DNA.

(A)

The blot was probed with plasmid pSUP2021, a pBR325
derivative containing Tn5.

(B) The blot was probed with

plasmid pSUP202, which is identical to plasmid pSUP2021
except that it lacks Tn5.

The numbers refer to the sizes

of molecular standards, in kilobases.

PAS100
AJB529

PAS100
AJB529
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kanamycin and tetracycline.

Cosmid DNA was isolated from

these colonies by the Birnboim-Doly procedure (8) and was
used to transform Escherichia coli MC1061 (15).
Restriction endonuclease digestion of these cosmids with
EcoRI revealed that they contained five insert fragments
of 0.4, 0.6, 1.4, 1.9, and 2.3 kb.

One of these cosmids, designated pCAP17, was mated
back into R. capsulatus AJB529.

A total of 100 colonies

from an RCV + 5-aminolevulinate + tetracycline +
kanamycin agar plate were scored for their ability to
grow in the absence of 5-aminolevulinate.

All colonies

were 5-aminolevulinate independent, which suggested that
this cosmid carries the wild-type hemA gene and can
complement the hemA;;Tn5 insertion.

Comparison of the Cosmid Clone to DNA Surrounding the Tn5
Insertion
Comparison of the restriction fragment sizes of
pCAP17 with restriction maps of EMBL3 clones of DNA
surrounding the Tn5 insertion, X3.1 and X3.2 (7),
revealed that both the cosmid and X3.1 contain 0.6 and
1.9 kb EcoRI fragments.

Hybridization between EcoRI

2.3

.4 1.4

.6

1.9

21.6 kb

pCAP17
N
hemA

H

►

Figure 3

Restriction Map of pCAP17
E=EcoRI. H=HindIII. N=NsiI
—

= R. capsulatus DNA

|j| = Vector pLAFRI DNA
Arrow indicates the direction of transcription.
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digests of the cosmid and fragments from \3.1
demonstrated that the 0.6 kb fragments from A3.1 and the
cosmid are homologous.

Similar experiments revealed that

the 1.9 kb fragments from the cosmid and \3.1 are also
homologous.

Plasmids pCAPl and pCAP2 were nick translated and
used to probe Southern blots of pCAPl7.

Plasmid pCAPl

carries IS50L of Tn5 and a region of adjacent AJB529 DNA.
Plasmid pCAP2 carries IS50R and adjacent AJB529 DNA.
Both plasmids hybridized to the 1.4 kb EcoRI fragment
from the cosmid, which indicates that this fragment spans
the Tn5 insertion site of strain PAS100.

No homology was observed between the 0.4 and 2.3 kb
EcoRI cosmid fragments and the EcoRI fragments of \3.1
and \3.2.

These results indicate that pCAPl7 contains

the 0.6, 1.9, and 1.4 kb EcoRI fragments from the R.
capsulatus hemA region and 0.4 and 2.3 kb EcoRI fragments
from an unlinked region of the R. capsulatus chromosome.

Construction of the lacz Fusion Plasmids
It has been previously shown that one terminus of
the hemA gene is within a 1.4 kb EcoRI fragment (7).
Sequencing of this fragment indicated that transcription
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begins within the 1.4 kb EcoRI fragment and extends into
the 0.6 kb EcoRI fragment (J. Eckert, Unpublished data)
(Figure 3). Therefore, the 1.4 kb EcoRI fragment was
cloned from pCAP41 into the EcoRI site of pNM481.
Plasmid pNM481 has a multiple cloning site immediately
upstream of the eighth codon of the lacZ gene (51), and
was chosen because sequence data suggested that the EcoRI
site is in phase with the lacZ gene yielding a hemA-lacZ
hybrid protein.

Both the 1.4 kb fragment and the vector,

pNM481, contain a single Nsil site.

If the 1.4 kb

fragment is ligated into pNM481 in the correct
orientation for transcription toward 'lacZ, digestion of
the fusion plasmid with Nsil will yield two fragments of
3.0 kb and 7.0 kb (Figure 4).

Digestion with Nsil of the

incorrect orientation would yield fragments of 3.6 kb and
6.4 kb.

Following digestion with Nsil f the fusion

plasmid DNA was run on an agarose gel.

One fusion

plasmid with 3.0 kb and 7.0 kb Nsil fragments was
designated pCAP68.

Since pNM481 does not have an antibiotic marker that
can be selected for in R. capsulatus. the omega cartridge
(60), which encodes spectinomycin resistance, was cloned

.

j

.

!i

8.6 kb
PNM481

'lacZ
---►

6.0
N
N

E
.4

1.0

N
2.6

6.0

pCAP68
hemA' 'lacZ
►

Sc/Sm
1.4

Sm/Sc

2.0

pCAP69
hemA' 'lacZ
►
Figure

Restriction Map of pCAP69
E=EcoRI, N=NsiI, Sc=ScaI , Sm=SmaI
—

= Vector pNM481 DNA

BH = £• capsulatus DNA
^

= Spcr omega cartridge DNA

Arrows indicate the direction of transcription.
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into pCAP68.

The omega cartridge was cut out of pBR322H

using Smal. and blunt-end ligated into the Seal site in
the bla gene of pCAP68, resulting in a spectinomycinresistant, ampicillin-sensitive plasmid designated pCAP69
(Figure 4).

A second plasmid was constructed as a control for
the effects of oxygen on the plasmid (Figure 5).

The

plasmid, designated pCAP74, contains a fusion between the
gene encoding aminoglycoside 3'-phosphotransferase, which
confers kanamycin resistance, and the lacZ gene.

A 0.7

kb EcoRI-Hindlll restriction fragment from pUC-4K
(Pharmacia LKB) was ligated into pNM481 that had been
restricted with EcoRI and Hindlll.

The omega fragment

was then inserted into the Seal site in the bla gene.
The plasmids were transformed into E. coli MC1061
containing mating helper plasmid pDPT51 then mated into
R. capsulatus PAS100.

Strains PAS100(pCAP69) and PAS100(pCAP74) were blue
when plated on RCV agar containing X-gal, indicating that
both plasmids synthesized functional /3-galactosidases.
PAS100 is Lac’ and red on media containing X-gal (5) .

8.6 kb
pNM481

H

SC

H
.7

8.6 kb

pCAP73
kan' /lacZ
►

H

Sc/Sm Sm/Sc

.7

2.0

pCAP74
kan' 'lacZ
►

Figure 5 : Restriction Map of pCAP74
E=EcoRI . H=HindIII. Sc=ScaI . Sm=SmaI
—

= Vector pNM481 DNA

lH = pUC-4K DNA
HH = Spcr omega cartridge DNA
Arrows indicate the direction of transcription.
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Visualization of the Fusion Protein Produced by pCAP69
A crude extract of PAS100(pCAP69) was subjected to
electrophoresis on an SDS-polyacrylamide gel alongside £.
coli 0-galactosidase (Sigma Chemical Co.) The proteins
were renatured and proteins with 0-galactos idase activity
were visualized by incubating the gel in a solution
containing X-gal (Figure 6) .

The standard /3-

galactosidase produced three bands, which are most likely
the monomer, dimer, and tetramer forms of the enzyme.
The PAS100(pCAP69) extract yielded a single band with a
molecular weight of 147,000.

Effects of Oxygen and Light on Transcription of the
hemA-laeZ Fusion
Strain PAS100(pCAP69) was grown for two generations
in PYE broth with initial oxygen tensions of 3% and 23%.
When PAS100(pCAP69) was grown with an initial oxygen
tension of 23%, the /J-galactosidase specific activity was
700 nmoles o-nitrophenol formed per min per mg protein
(Table 6).

When the strain was grown with an initial

oxygen tension of 3%, the specific activity was 2100.
control for differences in /3-galactosidase activity due
to changes in the plasmid (eg. copy number,

To
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Figure 6. Visualization of 0-galactosidase Fusion
Proteins

Electrophoresis of hemA-lacZ fusion protein on an SDSpolyacrylamide gel. Lane A: Purified 0-galactosidase from
E. coli.

Lane B: Crude extract from PAS100(pCAP69).

Following electrophoresis the proteins were renatured and
incubated with X-gal.
markers in kilodaltons.

Numbers represent molecular weight
The j3-galactosidase standard

bands are of the following sizes: 116, 232, and 464
kilodaltons.

232
205
116
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Table 6. Effect of Oxygen on 0-galactosidase Activity8

23% Oxygen
PAS100(pCAP69)

700

PAS100(pCAP74)

14

3% Oxygen
2100
21

“Specific activity is expressed as nmol o-nitrophenol
formed per min per mg of protein.
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supercoiling), 0-galactosidase activity in PAS100(pCAP74)
grown under high and low oxygen was also measured.

0-

galactosidase activity in this strain increased slightly,
from 14 to 21.

These results suggest that oxygen tension

regulates hemA transcription two-fold.

The effect of light intensity on transcription of
the hemA gene was tested by growing cultures under 3%
oxygen in darkness or in bright light.

The

0-

galactosidase specific activity in the dark grown culture
was 2000, while that of the culture grown in bright light
was 1600, suggesting that light intensity does not
regulate transcription of the hemA gene.

Again, this

level of regulation is the same as that found for the bch
biosynthetic genes (6).

Expression of the Chloramphenicol Acetyl Transferase Gene
Downstream of hemA
Two possibilities were considered to explain the
inability to isolate additional hemA mutants, and the
observation that AJB529 still has a slight amount of 5aminolevulinate synthase activity.

The first possibility

is that there is a second gene whose product catalyzes
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the formation of a small amount of 5-aminolevulinate.
The second possibility is that the hemA gene is part of
an operon, and that a complete block of this gene would
be lethal.

A rapid method of confirming or eliminating

the second possibility would be to determine if the
region downstream of the hemA gene is transcribed.

A 0.8

kb fragment from pCM7 containing the chloramphenicol
acetyl transferase structural gene was ligated into a
HindiII site downstream of the hemA gene in plasmid
pCAP41 (Figure 7).

The chloramphenicol acetyltransferase

gene contains a single EcoRI site.

Digestion by EcoRI of

the plasmid with the cat gene in the correct orientation
for transcription from the direction of the hemA gene
yields fragments of 0.45 kb and 2.25 kb.

While digestion

of the incorrect orientation would yield fragments of
0.65 kb and 2.05 kb.

One plasmid, with the cat gene in

the correct orientation, was designated pCAP67.

Plasmid

pCAP67 was transformed into E. coli strain MC1061 and
then mated into the R. caosulatus hemA mutant AJB529 via
triparental mating using pRK2013 as the mating helper
plasmid.

Following growth of AJB529(pCAP67) under 20%

and 2% oxygen tensions, the chloramphenicol acetyl
transferase activity was measured. Under high oxygen

pCAP41
hemA

H
.4

1.4

.6

.15

H
.3

.5 1.75

21.6 kb

pCAP67
hemA

cat

---- ►

Figure 7: Restriction Maps of pCAP41 and pCAP67
E=EcoRI. H=HindIII
—

= E- caosulatus DNA

|j| = Vector pLAFRI DNA
|§§ = Chloramphenicol Acetyl Transferase Cartridge
Arrows indicate the direction of transcription.
ON
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tension the specific activity (nmol per min per mg
protein) was 31 while under low oxygen it was 51.

This

experiment demonstrated that oxygen regulated
transcription continues downstream of hemA.

This

evidence indicates that further work, such as sequencing
of the downstream DNA, is warranted.

Discussion
The initial work of Cohen-Bazire et al. showed that
the bacteriochlorophyll level in photosynthetic bacteria
is regulated by the oxygen tension in the environment
(22).

Based on this information Lascelles and Altschuler

further studied the pathway by isolating mutants in the
common tetrapyrrole pathway (48).

Two mutants, with

distinctly different characteristics, were isolated as
described in the Introduction.

The existence of one or

more genes encoding aminolevulinate synthase could not be
determined since interpretation of the results is limited
by the fact that the mutants were isolated using Nmethyl-N-nitroso-N'-nitroguanidine mutagenesis which is
capable of producing multiple mutations.

It was decided

that making single site transposon insertions into the
genes of the common pathway would facilitate cloning of
the genes and studying their regulation by oxygen.

It

has been shown that R. sphaeroides mutants can grow on
exogenous aminolevulinate (48), so the study began by
isolating Tn5 insertions in the hemA gene.
transposon mutagenesis
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The
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procedure described by Simon et al. (80) greatly
facilitated the isolation of this mutant.

While multiple

transpositions can occur resulting in multiple mutations,
as with chemical mutagenesis, a single transposition
event can be confirmed using Southern blot analysis.
Using transposon mutagenesis, a single R. caosulatus hemA
mutant was isolated.

The Southern blot displaying a

single transposon insertion is shown in Figure 2.

The

stability of this mutant and the fact that revertants are
kanamycin-sensitive also suggests that there is a single
Tn5 insertion in this strain (91). Thus, the inability of
this strain to grow in the absence of aminolevulinate
implies that there is only one gene that is responsible
for the synthesis of aminolevulinate in R. capsulatus.
It is important to note that only one aminolevulinaterequiring mutant was isolated from the 2500 colonies in
this study, and that this mutant produces a low level of
aminolevulinate but not enough to support growth.
Subsequent studies have failed to provide any more hemA
mutants.

One possible reason for the inability to

isolate additional hemA mutants is that the hemA gene may
be part of an operon and therefore polar insertions would
prevent the expression of other hem genes.
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Comparison of the mutant growth rate and level of
bacteriochlorophyll production to those of the parental
strain was selected as a means of characterizing the
mutant.

As expected, the photosynthetic and aerobic dark

growth rates of this mutant decreased with increasing
aminolevulinate concentration (Tables 3 and 4).

At 0.1

mM aminolevulinate, growth rates under both growth
conditions were similar to those of the parental strain.
This indicates that R. caosulatus is capable of taking up
and using exogenous aminolevulinate to achieve a normal
growth rate.

The observation that at high

aminolevulinate concentrations the mutant strain
accumulated as much bacteriochlorophyll as the parental
strain, indicates that R. caosulatus can effectively use
exogenously added aminolevulinate for both
bacteriochlorophyll and cytochrome synthesis.

The

measurements of the bacteriochlorophyll concentration in
the mutant strain AJB529 grown under high and low oxygen
tensions suggest that normal regulation of the
intracellular bacteriochlorophy11 level is occurring, in
spite of the fact that the strain cannot regulate the
pool of aminolevulinate.
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The next step in the characterization of AJB529 was
the measurement of enzyme activity.

While AJB529 had a

dramatically lowered aminolevulinate synthase activity,
it still retained approximately 5% of the parental level
of activity.

The results indicate that this residual

activity is not due to a compound in the extract or
reaction mixture reacting with the Ehrlich reagent,
rather that it must be the result of some enzymatic
activity.

The isolation of a Tn5 insertion strain which

requires aminolevulinate suggests that in R. caosulatus a
single gene is responsible for the vast majority of
aminolevulinate formed; and that the aminolevulinate
synthase encoded by this gene is essential to both
respiratory and photosynthetic growth.

The finding that

the insertion does not influence porphobilinogen synthase
activity indicates that the mutation is not in a
regulatory gene controlling the entire pathway.

There are several possibilities which could result
in a low level of aminolevulinate in the mutant strain.
One possibility is the presence of another gene encoding
aminolevulinate production.

In R. sohaeroides 4,5-

dioxovalerate transaminase activity has been detected
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(19); however, the enzyme does not appear to be
physiologically important in the synthesis of
aminolevulinate (29).

It is possible that this enzyme is

active in R. capsulatus.

Another possibility is that the

Tn5 insertion is near the end of the hemA gene allowing
the production of a truncated protein with slight
activity.

In addition, the transposon may have inserted

into a control region for the hemA gene.

It is known

that Tn5 has a slightly active outward facing promoter
(4).

It is possible that this promoter is involved in

transcription of the hemA gene giving a protein with a
low level of activity.

It is evident from sequencing

data that the Tn5 insertion may be in the hemA
promoter region and that it is not located near the end
of the gene (J. Eckert, unpublished data).

To determine whether or not hemA is located in an
operon of oxygen regulated genes, a gene fusion with
detectable enzyme activity was made.

The chloramphenicol

acetyltransferase gene was inserted into R. capsulatus
chromosomal DNA downstream of the hemA gene.

The fusion

plasmid was assayed following growth under high and low
oxygen tensions, and showed a two-fold increase in enzyme
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activity under low oxygen tension.

This may indicate the

presence of another hem gene downstream of hemA or
possibly a hem operon of oxygen regulated genes.

If hemA

is located in an operon, a polar hemA mutation may result
in a strain that requires cysteine, to supplement the
loss of siroheme, vitamin B-12, and heme.

Mutagenesis in

the presence of these supplements may help to answer
these questions.

A cosmid from an R. sphaeroides SB1003 hem* library
was found to complement AJB529, the hemA mutant, and was
designated pCAP17.

Complete digestion with EcoRI

revealed 5 insert fragments ranging in size from 0.4 kb
to 2.3 kb.

By performing a series of partial digestions

with EcoRI Susan Biel found that the 0.6 kb and 1.4 kb
fragments are both required for complementation of the
hemA mutation.

These two fragments have been partially

sequenced and it appears that transcription proceeds from
the 1.4 kb fragment into the 0.6 kb fragment.

Based on sequencing data, an in-phase translational
fusion was made between the hemA gene and the lacZ
structural gene.

The expression of a hemA-lacZ fusion
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protein confirms that the proposed open reading frame of
the 1.4 kb fragment is correct.

A crude extract,

containing the fusion protein, was run on an SDSpolyacrylamide gel.

Following renaturation and

visualization by the addition of X-gal the fusion protein
was compared to a standard of /3-galactosidase.

The

visualized molecular weight of 147,000 is in agreement
with the size estimation of 141,000 which was calculated
as the sum of the molecular weights of /8-galactosidase
and the protein produced from the 1.4 kb EcoRI hemA
fragment.

The estimated molecular weight of the hema

portion of the fusion protein was based on the distance
between the Tn5 insertion site and the downstream EcoRI
site of the 1.4 kb EcoRI fragment as deduced from
restriction enzyme analysis.

As a control for the

effects of oxygen tension on the plasmid, a fusion was
made between the aminoglycoside 3'-phosphotransferase
gene, which is not known to be regulated by oxygen, and
the lacZ structural gene.

The hemA-lacZ fusion had

three-fold more /?-galactosidase activity under low oxygen
tension when compared to high oxygen growth conditions.
The control fusion showed an approximate 150% increase
under low oxygen versus high oxygen tension.

This 150%
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increase in /3-galactosidase activity due to an oxygen
related effect on the plasmid, possibly a change in copy
number or secondary structure, was subtracted from the
overall three-fold change observed with the hemA-lacZ
fusion to give a net two-fold level of oxygen regulation
of the hemA gene.

Transcription of the hemA gene does not appear to be
regulated by light as determined by measuring /3galactosidase activity of the fusion after growth under
bright and dim light conditions.

The levels of

regulation of the hemA gene by oxygen and light discussed
here are in agreement with results obtained from fusions
of various bch biosynthetic genes with the lacZ
structural gene (6).

This study, and others on transcriptional regulation
of the bch genes (20,22), have been prompted by the
observation that oxygen completely inhibits
bacteriochlorophyll synthesis.

It has also been

demonstrated that protoporphyrin and other
bacteriochlorophyll precursors accumulate to a
significant extent only in cultures grown under very low
oxygen tensions (6).

Previous investigations have shown
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that transcription of the bch genes varies only two-fold
in response to changes in oxygen tension and that
significant transcription occurs even in highly
oxygenated cultures (6,20).

The results of this study

indicate that low oxygen tension increases transcription
of the hemA gene only two-fold.

Thus, even under

conditions where bacteriochlorophyll is not synthesized,
transcription of the hemA and bch genes continues at a
half-maximal rate.

It also seems unlikely that the

absence of bacteriochlorophyll in aerobically grown cells
is due to changes in the activity of the porphyrin
biosynthetic enzymes since switching from photosynthetic
to aerobic growth only increases aminolevulinate synthase
activity by four-fold (49).

It has recently been proposed by

Bauer and Marrs (2)

that the conversion

of protoporphyrin IX

to

bacteriochlorophyll

may be controlled by

theamount of

PufQ protein in the

cell.

thepufO gene

Expression of

was found to be required for bacteriochlorophyll
biosynthesis.

The authors suggested that PufQ is not an

enzyme involved in the tetrapyrrole pathway but rather an
oxygen-regulated carrier protein that binds to
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protoporphyrin and is required for the conversion of
protoporphyrin to bacteriochlorophyll.
is based on the findings that:

This suggestion

(1) mutant strains with

inactive tetrapyrrole enzymes accumulate high levels of
intermediates;

(2) pufO deletion strains do not

accumulate tetrapyrrole intermediates; and (3) there is a
linear relationship between pufQ expression and
bacteriochlorophyll synthesis.

PufQ does not appear to

be required for protoporphyrin formation, as heme
synthesis continued at a normal rate in a pufQ deletion
strain (2).

The pufQ product has a molecular weight and

physical properties similar to those of a 9000 molecular
weight carrier protein proposed by Richards et al. (68).
In addition, PufQ has sequence similarity to regions of
polypeptides known to span the cell membrane and interact
with the tetrapyrrole ring structure (2).

PufQ also

displays similarity to the region of the reaction center
polypeptides known to bind quinones (2).

This may

indicate that bacteriochlorophyll synthesis is regulated
not only by changes in oxygen tension but also by changes
in the redox state of the electron transport chain.
Indeed, it is known that the drop in bacteriochlorophyll
synthesis when cells are exposed to high oxygen tension
occurs at a rate too rapid to be controlled by inhibiton
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of enzyme synthesis alone (22).

Given these results, it

may be useful to investigate the role of carrier proteins
in regulation of the common tetrapyrrole pathway.

In conclusion, a single site hemA mutant of R.
capsulatus has been isolated using transposon
mutagenesis.

The mutant strain grows and produces

bacteriochlorophyll at a rate similar to that of the
parental strain when provided with at least 0.1 mM
aminolevulinate.

A cosmid containing the wild type hemA

gene was isolated and cloned.

The 5' end of this gene

was fused with the lacZ gene.

The fusion protein was

determined to have a molecular weight of 147,000.

The

fusion protein shows an overall two-fold increase in
activity when the culture is grown under low oxygen
tension versus growth under high oxygen.

This level of

regulation is not enough to account for the overall
change in bacteriochlorophyll production under the same
conditions and may be supplemented by the activity of the
carrier protein PufQ or other carrier proteins.
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